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ABSTRACT
WindCube is a 6U CubeSat mission selected for implementation through NASA’s HFORT program. Starting in 2022
and following ~36 months of development, integration and testing, the spacecraft will operate for ~12 months in low
earth orbit to study the influence of thermospheric winds on the earth’s ionosphere. Its scientific payload is a limb
viewing Fabry Pérot Interferometer (étalon) specially designed to fit into a 10cm x 10cm cross-sectional assembly.
WindCube will make global maps of wind speed derived from the doppler shifted emission of the 630.0nm oxygen
line (1D > 3P), at altitudes near 250km. Projected performance includes wind speed retrievals every 10 seconds with
an accuracy of 5m/s, a vertical resolution of 63km, and a horizontal resolution of 100km. We present an overview of
the mission design and observation plan for WindCube as well as a top-level description of the payload design.

INTRODUCTION

intensity for a specific emission process is a balance of
atmospheric abundance, actinic flux and competing deexcitation processes like collisions that reduce air glow
below certain altitudes3.

The earth’s thermosphere is the atmospheric height
region starting above the mesosphere and extending to
the outer limits of the atmosphere (the exosphere)1,2. It
is characterized and derives its name by the increasing
temperatures within these altitudes caused by both solar
and non-solar heating processes.
Solar extreme
ultraviolet radiation, along with direct bombardment by
free electrons in the thermosphere is largely responsible
for the photodissociation of molecular oxygen and
nitrogen into excited atomic species which relax to
equilibrium through the emission of visible photon
wavelengths.
These relaxation processes are
fundamental to the generation of spectacular polar
aurorae that are commonly observed at high latitudes and
from spaceborne platforms as in Figure 1.
Thermospheric airglow is difficult to observe, having a
brightness of about 10-9 of that of the sun. The actual
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Measuring airglow emissions is a useful way of
gathering diagnostic information about altitude
dependent atmospheric structures and dynamics. One
characteristic which can be retrieved by measuring the
thermally broadened linewidths of the airglow emissions
is the local thermosphere temperature. Observed widths
are of order 1-3 pm for the (1D > 3P) 630.0nm transition
The second atmospheric
of atomic oxygen4,5.
characteristic is the retrieval of the local thermosphere
wind speeds by measuring the doppler-shifts of these
same emission lines with respect to a known wavelength
reference and using the well-known Doppler
relationship:
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composition and dynamics of the thermosphere.
Increasing our understanding of how the thermosphere
responds to these types of forcing events from above and
below form the scientific motivation for WindCube.

(1)

Where λ0 is the unshifted wavelength of the airglow
emission line, v is the speed of the emitting volume with
respect to the instrument Line of Sight (LOS) and c is the
speed of light in a vacuum or 2.998x108m/s. Typical
wind speeds within the thermosphere are of order several
10’s of m/s and the observed doppler shifts will be subpicometer.
The primary energy inputs to the thermosphere come
from both above (the sun) and below (upwelling waves
from the lower earth’s atmosphere). During periods of
increased solar activity, the structure and dynamics of
this region are modified. Notably, when more solar
energy is deposited within the thermosphere, it’s volume
increases raising the height of the top of the
thermosphere, known as the thermopause which
typically lies between 500-1000km above the surface of
the earth4. This region overlaps with the region of
common satellites in what are known as Low Earth
Orbits (LEO). As the thermosphere expands (or
contracts), its changing density produces subtle but
important changes in the atmospheric drag experience by
satellites in LEO altering their orbital characteristics and
affecting their attitude control systems. Perhaps the most
well-known satellite, The International Space Station
(ISS) requires periodic ‘boosting’ of its altitude to
account for these time varying drag effects.

Figure 1 – Two of Earth’s most colorful upper
atmospheric phenomena, aurora and airglow, met
just before dawn in this photo shot by an astronaut
on the International Space Station (ISS). Wavy green,
red-topped wisps of aurora borealis appear to
intersect the muted red-yellow band of airglow as the
ISS passed just south of the Alaskan Peninsula. The
rising Sun, behind Earth’s limb at the time of this
photo, adds a deep blue to the horizon. Astronaut
Photograph ISS062-E-98264.6
WINDCUBE SCIENCE GOALS AND QUESTIONS
Goal 1: Understanding thermospheric variations due to
influences from above (magnetosphere, ionosphere and
the solar wind)

Other processes within the thermosphere are more
esoteric though no less interesting to scientists. The
thermosphere is high enough that incoming solar
radiation causes its composition to be in a mixed state of
neutral atoms and molecules and electrically excited ions
and free electrons which have been stripped from a small
portion of the neutral particles.

•

An interesting but perhaps now well-known feature of
the earth’s atmosphere is that, like the oceans, it has
waves and tides which serve similarly to transport mass
and energy throughout the atmosphere. These waves,
once generated or propagated within the thermosphere,
move ions within the bulk motion of the neutral particles
through collisions between the former and the latter.
These “ions-in-motion” can produce powerful electrical
currents in some parts of the thermosphere.

Goal 2: Understanding thermospheric variations due to
influences from below (mesosphere and stratosphere)
•

Question 2: How do tides and planetary waves
influence thermospheric winds?

TOP LEVEL OBSERVATION AND SPACECRAFT
REQUIREMENTS
To meet the science objectives of the mission, a set of
top-level observation requirements have been generated
and are listed in Table 1.

Geomagnetic storms lasting several days are temporary
disturbances in the earth’s magnetosphere caused by a
solar wind shock wave or by clouds of magnetic field
that interact with the earth’s magnetic field. They are
correlated with sunspot numbers and can be driven by
coronal mass ejections. Substorms are relatively
frequent, shorter events, affecting mainly the polar
regions. Both type of events however affect the
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Question 1: What is the mid-latitude
thermospheric wind effect on the negative and
positive phases of geomagnetic storms and
substorms?

Table 1: Primary Payload Observational and
Spacecraft Performance Requirements
Description
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Meridional and
Zonal wind maps

•

Expected wind
changes are of
order 20m/s

•

•

Spatial resolution: 100 km x
100 km (horizontal) x 100 km
(vertical)
Accuracy: 5 m/s within 10
seconds integration time. From
Equation (1) this requires a
measurement precision of the
doppler shifted wavelengths to
0.01pm.
Temporal Resolution <10min

Orbit

Near circular polar orbit, dawn-dusk,
altitude: 400-600km

Mission Duration

6-12 months (including commissioning
time)

Bus Size

6U

Instrumental
Power

18W (peak)

ADCS

Pointing Control: 0.1 degrees
Pointing Stability*: 72” p-p over 10
seconds
*
Pointing stability ensures spacecraft speed
will not contaminate wind data more than
2m/s)

Data Generation

~1.2GB/day

Required Ground
Contacts

~10/day assuming 5Mpbs X-Band
downlink

Figure 2 Modeled 630nm emission in the dayglow.
From Solomon and Abreu5.
Selecting the vertical field of view for the payload
optical system is a compromise between the required
vertical spatial resolution, the anticipated volume
emission rates, and the payload’s optical system
exposure time (itself driven by the required horizontal
spatial resolution for science). The nominal geometry
for the mission is shown in Table 2 and Figure 3 below.

Measurement Geometry of 630.0nm Airglow
WindCube’s payload has an optical system that will
measure windspeeds within the thermosphere through
precision wavelength measurements of the doppler
shifted optical emission lines produced by the 630.0nm
airglow. Representative volume emission rates for
dayglow conditions are shown in Figure 2. Nightglow
volume emission rates are ~10-100 times lower. For the
purposes of a nominal flux budget, we assume a range of
100-200 photons/cm3/s.

Table 2: Basic data for calculating spacecraft
payload field of view requirements
Characteristic

Assumed Value

Region of (maximum) 630nm
Airglow Emission

~150-320 km

WindCube Orbital Altitude

500 km

Distance from spacecraft to
weighted center of emitting
region

~2000km

Required Payload Field of View
(FOV)

1.65 deg

These data are approximations to the region of airglow
emission but are representative of typical conditions.

Sewell
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PAYLOAD INSTRUMENT OVERVIEW
The WindCube spacecraft’s payload optical system is
shown in Figure 5 with a description of the enumerated
elements contained in Table 3. It comprises a simple
optical telescope to capture airglow photons emitted by
the thermosphere airglow at 630.0nm and an
electronically controlled shutter (16) located at the focus
of the instrument’s objective lens (3) with a nominal
focal length of 100mm. Adjacent to the shutter is an iris
(16) with aperture 2.88mm which serves to limit the
effective instrumental field of view to 1.65 degrees
which will provide the requisite 100km volume element
spatial resolution dimension.
Airglow emissions
collected and focused at the field stop are then roughly
collimated by a 2nd lens (6) and transmitted through a
Fabry-Pérot étalon (8). The Fabry-Pérot’s constructive
interference transmission is then imaged by a camera
lens (9) onto a thermoelectrically cooled focal plane
sensor (15).

Figure 3 Depiction of required spacecraft pitch and
field of view for measuring the airglow emission as
seen from a 500km orbital altitude.
A crude but useful estimate of the 630.0nm flux can be
obtained from the product of the volume element (100 x
100 x 100km = 1 x 106 km3 = 1 x 1021 cm3) and an
estimate of 100 photons/cm3/s emitted within this
volume from Figure 2. Neglecting contributions from
emission external to this volume element (both before
and after the volume along the line of sight) we then
estimate a total emission rate of 1x1023 photons/s within
or sample volume. Assuming isotropic emission into
4π steradians and estimating the distance from the
spacecraft to the thermosphere emitting volume at
~2000km, we arrive at a rough order of magnitude
estimate of 105 – 107 photons/cm2/s at the entrance to the
WindCube optical system.
MISSION WORK BREAKDOWN STRUCTURE
WindCube is being managed as a NASA Research and
Technology (R&T) program according to NPR 7120.8A
but as it has a launch component and on-orbit science
operations elements of the Work Breakdown Structure
(WBS) shown in Figure 4 is developed according to
guidance within NPR 7120.5.

Figure 5 WindCube payload optical layout at the
completion of concept study phase (preimplementation) work.
Instrumental (wavelength) calibrations are performed
using electronically controlled miniature neon lamps
(12) as needed to measure and compensate for thermally
induced changes in the optical system alignment as the
spacecraft goes from full daylight to partial eclipse
conditions (mainly changes of the étalon’s spacing).
Background noise from atmospheric scattering is
controlled by a baffling system (1) and through the use
of narrow bandpass filters (2) and (7).
A series of fold mirrors (4), (5), and (10) fold the payload
optical system to fit within 4U of space leaving 2U for
the spacecraft avionics and a customed design control
board for the shutter and calibration system electronics.

Figure 4 WindCube Mission Work Breakdown
Structure to Level-3.
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Table 3: List of payload optical system elements.
ID

Description

1

Light baffle tube assembly

2

Narrow band pass filter #1

3

Focusing lens assembly

4,5

Fold mirror assemblies #1,#2

6

Collimating lens assembly

7

Narrow band pass filter #2

8

Fabry-Perot étalon assembly

9

Imaging lens assembly

10

Fold mirror assembly #3

11

Camera system control electronics PCB

12

Neon calibration lamps (x3 redundancy)

13

Payload baseplate and spacecraft mounting interface

14

Payload control electronics PCB

15

Camera system TE cooler

16

Dark shutter/field stop assembly (AlSiO coated CuBe)

Figure 7 Focusing of the light emerging from a
Fabry-Pérot étalon by an imaging lens. Light
entering the étalon at an angle ϑ is focused onto a ring
of radius r = f ϑ where f is the focal length of the
imaging lens.7 The 6U volume constraint of the
WindCube spacecraft limits the focal length of its
imaging lens to ~150-200mm though it will be
optimized for the specific WindCube geometry.
The overall transmission of an étalon is governed by the
transmission (T), absorption (A) and reflectivity (R = 1T-A) of the coatings. For the multilayer dielectric
coating used in WindCube, we expect R=0.8, T=0.2 and
combine absorption and scattering to be negligible
(<0.2%). The transmitted intensity is given by Airy’s
Formula7:

The Fabry-Perot Étalon
The heart of the WindCube payload instrument is a
Fabry-Pérot étalon. It consists of two parallel flat glass
plates, coated on the inner surface with a partially
transmitting coating (usually metallic or multilayer
dielectric). The outer surfaces are wedged by about 40
arc-minutes to reduce “ghost” reflections as shown in
Figure 6.

𝑇𝑇 2

𝐼𝐼𝑇𝑇 = 𝐼𝐼0 (1−𝑅𝑅)2

1

1+[4𝑅𝑅/(1−𝑅𝑅)2 ]𝑠𝑠𝑠𝑠𝑠𝑠2 𝛿𝛿�2

(2)

where δ = 2π 2t/λ cos θ

For a monochromatic source (such as that provided by
WindCube’s neon calibration lamp system), the resulting
pattern observed on a focal plane looks similar to the
(noise-free) synthetic image shown in Figure 8.

Figure 6 Reflected and transmitted rays at the two
parallel surfaces of a Fabry-Pérot etalon.7 For
WindCube, the étalon spacing 't' = 2.0cm giving a
FSR of 10pm at 630nm. The nominal reflectivity
R=0.8 produces a cavity Finesse of ~20.
The parallel rays transmitted by the étalon are brought to
a focus at a focal plane through the use of an imaging
lens depicted in Figure 7.
Figure 8 Synthetic Fabry-Pérot étalon transmission
image normalized to 16-bit well depth. 630.0nm

Sewell
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wavelength, T=0.2, R=0.8, spacing = 2.0 cm. Imaging
lens focal length of 200mm, 512x512 element focal
plane (CCD97) with 16-micron pixels.

Dark Signal

400 e-/px/s @20C
0.05 e-/px/s @-40C*
0.005 e-/px/s @-50C*
Requires TEC and radiator

*

The wavelength resolution of the étalon is given by4:
𝛿𝛿𝛿𝛿 =

1

𝐹𝐹

𝑥𝑥 𝐹𝐹𝐹𝐹𝐹𝐹 =

𝜋𝜋√𝑅𝑅
1−𝑅𝑅

𝑥𝑥

𝜆𝜆2
2𝑡𝑡

(3)

The nominal characteristics of the WindCube étalon,
imaging lens and focal plane sensor produce an optical
system with a wavelength resolution of less than a
picometer. The data reduction process can additionally
take advantage of all the information content within the
full frame 512x512 pixels images (and not just the
position of a single fringe) allowing the payload to meet
the thermosphere wind resolution requirement of 5 m/s.

Exposure Range

0.5 to 200 s

Readout

~1.5s (full frame)

Interfaces

Commanding:
I2C
Data Transfer: Octal SPI, SpaceWire or CSI

Power

<6W

Volume

~1/3U

Comparison of the dark signal and read noise values for
this sensor shows that filling well depths to 70-80%
while preserving a good signal to noise ratio requires
active cooling of the focal plane to between -40 to -50C
which will reduce the dark current by almost five orders
of magnitude compared with room temperature
operation (Figure 9). The payload design will include a
thermoelectric cooler (TEC) attached to the focal plane
sensor package with the hot side thermally contacted to
a chassis mounted radiator emitting towards cold space.

Maintaining the étalon at a stable temperature will be a
critical design effort going forward. The overall
approach will be to develop a passive design which
biases the étalon temperature low (e.g., 15C) during both
sunlit and eclipse portions of the orbit and then to use
polyimide heater elements and a suitable control system
to maintain the étalon to a higher set point (e.g. 20C)
with a nominal precision of 0.1C. In the thermal control
system design, achieving stability is more important than
absolute accuracy.
Camera System Development and Initial Specifications
WindCube will collaborate with XCAM Ltd. (UK) to
design, build and space-qualify an imaging system
meeting the baseline requirements in Table 4. This
critical development effort will leverage XCAM’s
experience in developing low power, small form factor
CubeSat cameras with proven spaceflight heritage.

Figure 9 Typical variation of dark signal with
temperature for the Teledyne CCD97 focal plane.

As previously discussed, the 630.0nm airglow emission
is relatively weak and acquiring useful images of the
resultant Fabry-Perot interferogram with sufficient
signal to noise will require camera system exposures on
the order of several seconds. WindCube will utilize the
CCD97 CCD sensor from Teledyne Imaging whose
characteristics are shown in Table 4.

MISSION DESIGN AND ORBIT SELECTION
WindCube will measure cross-track winds in an orbit
and along-the-track winds in another to alternate zonal
and meridional wind coverage as depicted in Figure 9..
This same figure also shows the anticipated sunsynchronous orbit coverage during a 24-hour period.
Yaw maneuvers will be performed in the northern polar
region to switch the spacecraft orientation. When
possible, we plan to combine the yaw maneuvers with
downlink communication to save time. During downlink
communication, the satellite will point its antenna
towards the ground station, once the downlink is
completed, the spacecraft will slew to observe in a
different orientation either cross-track or along-track
direction (the opposite of the preceding orbit). During a

Table 4 WindCube Imaging System Specification
Item

Baseline Design

Sensor

Teledyne CCD97

Pixels

512x512 (16 micron x 16 microns)

Active Area

8.19 x 8.19 mm

Read Noise

~4e-

Well Depth

130ke-/pixel

Sewell
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24-hour period, the spacecraft will have made 8 orbits of
cross - and along-track winds to cover the globe. We plan
to acquire one dark image (shutter closed) and one
calibration image (using the 630.48nm neon emission
line) every orbit, which we will also schedule during the
downlink communication to reduce the downtime for
observation.

pixel, image data with
accompanying metadata for
ground-based post processing
and analysis

We estimate that we need 10 downlink passes (Table 4)
and 16 yaw maneuvers per day. The 500km altitude
should give WindCube 4-7 years lifetime, which will be
longer than our planned mission duration (6 months) and
will ensure our ability to achieve our science objectives
and possibly provide more data for other investigators.
The low altitude (and time till de-orbit) also supports
compliance with NPR 8715.6B NASA Procedural
Requirements for Liming Orbital Debris and Evaluating
the Meteoroid and Orbital Debris Environment.

Downlink Rate

5 Mbps (sustained)

Required Downlink Contacts

~10 contacts assuming 7
minutes average RF link time
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RF Communications Plan
The spacecraft avionics package will include both Sband (uplink) and X-band (downlink) capabilities using
Software Defined Radio and accompanying transceivers
and antenna systems. We will contract with commercial
ground station system providers for both commanding as
well as science and spacecraft housekeeping data
downlinks as described in Table 5.
Table 5: Expected WindCube Data Volumes and
Communication Rates
Data Product

Data Volume

Avionics Engineering Data

0.4MB/day

Payload Engineering Data

0.4 MB/day

Science Data

Sewell

1.2 GB/day (packetized
lossless compression of
Level-0 (14-bit, 512x512
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